The enzyme-catalyzed activation of ribulosebisphosphate carboxylase/ oxygenase (rubisco) was investigated in an illuminated reconstituted system containing thylakoid membranes, rubisco, ribulosebisphosphate (RuBP), MgCl2, carbonic anhydrase, catalase, the artificial electron acceptor pyocyanine, and partially purified rubisco activase. Optimal conditions for light-induced rubisco activation were found to include 100 micrograms per milliliter rubisco, 300 micrograms per milliliter rubisco activase, 3 millimolar RuBP, and 6 millimolar free Mg2' at pH 8.2. The half-time for rubisco activation was 2 minutes, and was 4 minutes for rubisco deactivation. The rate of rubisco deactivation was identical in the presence and absence of activase. The K,,t(CO2) of rubisco activation in the reconstituted system was 4 micromolar C02, compared to a K,A,(C02) of 25 to 30 micromolar CO2 for the previously reported spontaneous CO2/Mg2' activation mechanism. The activation process characterized here explains the high degree of rubisco activation at the physiological concentrations of 10 micromolar CO2 and 2 to 4 millimolar RuBP found in intact leaves, conditions which lead to almost complete deactivation of rubisco in vitro.
The photosynthetic assimilation ofCO2 is initiated by rubisco. 2 This enzyme exhibits complex regulatory properties, including a requirement that it be converted to an activated state in order to acquire catalytic competency (8, 9, 14) . The activation of rubisco in vitro occurs by the spontaneous addition of activating CO2 (ACO2) to the e-amino group of a lysine residue near the active site, followed by the addition of Mg2' (Eq. 1, where E = rubisco) (9, 10) . H~~Mg2+ E-Lys NH2 C02 -LsrE-LysNH Mg24. (1) (Inactive) C2 (Inactive) (Active) This mechanism cannot explain the high degree of rubisco activation observed in leaves at high light intensities, however, since the Kac(CO2) in Eq. 1 is 25 to 30 Mm CO2 (7, 9) , about 3-fold higher than the physiological chloroplast CO2 concentration ' (about 10 AM). Also, direct measurements have shown that rubisco activation in illuminated leaves is not very responsive to the intercellular CO2 concentrations (12, 17) , although it does respond quantitatively over a wide range of light intensities (13, 17) . Thus the spontaneous mechanism of rubisco activation (9, 10) as shown in Eq. 1 is insufficient to explain the activation of the enzyme in vivo.
We recently demonstrated (16) that the absence of rubisco activation in a mutant of the C3 plant Arabidopsis thaliana (20) was correlated with the absence of two chloroplast polypeptides, and that a soluble chloroplast extract stimulated rubisco activation in an illuminated reconstituted system containing chloroplast thylakoid membranes and rubisco. These observations led us to conclude that rubisco activation in vivo did not occur spontaneously but required the presence of an enzyme, rubisco activase. We have now partially purified the enzyme which catalyzes rubisco activation and demonstrate that it reduces the CO2 requirement for activation to a concentration consistent with that found in leaves.
MATERIALS AND METHODS Chemicals and Equipment. RuBP was synthesized from ribose 5-P (Sigma3) as described previously (7) and stored in liquid N2. Some 
RESULTS
The primary components of the reconstituted rubisco activase system are thylakoid membranes, rubisco, rubisco activase, and RuBP. In order to establish an optimal standard assay, activase activity was determined as a function of time in the presence of various concentrations of these parameters. Saturation kinetics were observed with increasing amounts of thylakoid membranes in the assay (Fig. 1) . Subsequent experiments were conducted at a Chi concentration of 100 Ag/ml. The rubisco in Figure 1 were 207 and 80 ,ug/ml, respectively. Curves with similar shapes were obtained when the rubisco protein concentration was increased to 407 ,ug/ml, with rubisco specific activities about 60% of those in Figure 1 (data not shown). Optimal amounts of rubisco and rubisco activase were determined by varying each independently, as shown in Figure 2 . With a rubisco concentration of3 10 ,ug/ml, the activity ofrubisco increased as the amount of rubisco activase was increased and did not approach saturation. The specific activity of rubisco activase was about 0.45 ,umol/min-mg. With a constant rubisco activase concentration of 420 Ag/ml, the specific activity of rubisco obtained with illumination declined as the amount of rubisco was increased (Fig. 2) . From these results, concentrations ofabout 100 ,Ag/ml for rubisco and 300 ,ug/ml for rubisco activase were selected in order to routinely obtain a high degree ofrubisco activation.
An unexpectedly high optimal RuBP concentration of 3 mm was required for maximum activation in the light (Fig. 3) . In the absence of RuBP, the spontaneous activation by CO2/Mg2+ under the assay conditions (7.4 RUBISCO ACTIVASE was 0.67 /Imol C02/mg rubisco min, about 80% of full activation. Preincubation of rubisco in the assay mixture at 0.1 mM RuBP completely inhibited rubisco activation. In the absence of activase, activity was uniformly low at all RuBP concentrations.
RuBP is a potent inhibitor of rubisco at concentrations frequently found in leaves (3, 6, 12) . The high, but physiological, RuBP requirement for the rubisco activase system and the known inhibitory effects of such concentrations suggested a possible regulatory mechanism, namely, that in the light the activase system would activate rubisco but upon cessation of illumination the high RuBP concentration would deactivate rubisco and thus inhibit its activity. To examine this possibility, a reaction mixture was subjected to a light/dark/light regime and rubisco activity followed through the experiment. Activation level increased over a 6 min illumination period with a t,, of about 2 min (Fig. 4) . When the light was turned off, rubisco deactivated with a t,,2 of about 4 min. Rubisco activation again occurred during a second period of illumination. The decline in activity in the dark could be simulated by addition of RuBP to rubisco enzyme that was spontaneously activated by CO2 and Mg2' (Fig. 5) . Deactivation kinetics were identical in the presence and absence of activase.
Light activation of rubisco in vivo was previously thought to be a spontaneous process driven by light-induced increases in stromal pH and Mg2' concentration (9, 10) . Incubation of rubisco at 1 1.5 AM C02 and 6 mm free Mg2" in the absence of RuBP in the light or in the presence of RuBP in the dark caused a regular increase in activation as the pH was increased (Fig. 6 ). This increase in activation occurs because a proton is lost during the carbamylation of rubisco (Eq. 1). The smooth response of spontaneous rubisco activation suggests that the primary effect of pH is chemical. In the activase system, however, an optimum was observed at about pH 8.2, near the measured stromal pH in the light (21) .
The light-induced increase in free Mg2+ measured in chloroplast is in the range of 1 to 3 mm (15). The addition of Mg2' at these concentrations to the activase assay sysem had little effect on rubisco activity (Fig. 7) .
Although the light-induced increases in stromal pH and Mg2' concentration are in the right direction and could play a role of light activation in rubisco, the spontaneous CO2/Mg2" activation by carbamylation proposed by Lorimer et al. (9) determined to be in the range 25 to 30 gM C02 (7, 9) . Thus, under these conditions the CO2/Mg2' activation mechanism produces only 30 to 35% activation of rubisco. Measurements of activation level in leaves subjected to high light indicate that the enzyme is more than 80% activated (13, 20) . The CO2 response of the activase system was determined by illuminating reaction mixtures at various bicarbonate levels for 9 min, followed by assay of rubisco activity (Fig. 8) . In the presence of Fig. 7) , there was no effect ofactivase on rubisco activation when RuBP was absent. Activation after 9 min of illumination or darkness is shown. The half-maximal CO2 concentrations were calculated from nonlinear least squares analysis of the data. rubisco activase, the Ka,c(CO2) was found to be 4 uM. In the absence of RuBP, which measures the in vitro activation process, the Kact(CO2) was 23 uM, close to values reported previously (7, 9) . Little activity was found at any CO2 concentration in the dark.
DISCUSSION
Rubisco activation in our reconstituted assay system was increased by illumination time and was dependent on the concentration of thylakoid membranes, rubisco, and rubisco activase. The rubisco activation state in the dark was uniformly low and not affected by the amount of thylakoids or activase. Thus, as reported earlier (16), a soluble chloroplast enzyme catalyzes the activation of rubisco in the light. A large molar excess of rubisco activase, relative to rubisco, was required for optimal activation in the reconstituted system. The reason for this requirement is not known, but may become evident following a more detailed understanding of the interactions of rubisco activase with rubisco and the thylakoid membrane during the activation process. For example, the protein concentration in chloroplasts is much higher than can be operationally achieved in vitro. If the activation process is a third-order reaction dependent on the concentration of these three components, then the efficiency of the activation process will be much greater in vivo than in the reconstituted assay mixture.
Rubisco activation showed an optimum at about pH 8.2, near the optimal stromal pH of 8.1 for chloroplast CO2 fixation (21) .
The occurrence of a pH optimum provides additional evidence that rubisco activation is an enzyme-catalyzed reaction. The driving force for rubisco activation is generated by light in the thylakoid membranes, but the specific nature of this driving force
is not yet kown. The in vitro activation mechanism shown in Eq. 1, which is based on experiments with homogeneous preparations of rubisco, represents a simplified case involving activation of an inactive and uncomplexed form of rubisco. This form of the enzyme may occur in vivo in the dark, where RuBP concentration is low, and where the rubisco activation level has been demonstrated to be a function of the external CO2 concentration (17, 19) . However, in the light, RuBP is generally present at concentrations in excess of the active site concentration (11, 12) .
Since RuBP tightly binds to the inactive form or rubisco (Kd = 0.021 Mm [6] ), spontaneous activation of inactive enzyme will be inhibited. Furthermore, a large molar excess of RuBP leads to rapid deactivation of rubisco (3) . Thus, any mechanism for describing rubisco activation in vivo must include interactions between the various forms of rubisco and RuBP.
In addition to ignoring enzyme-RuBP interactions, the proposed CO2/Mg2' activation mechanism (9, 10) is flawed because the CO2 requirement for full activation greatly exceeds the CO2 available in illuminated chloroplasts. In the reconstituted system, the response of rubisco activation to CO2 concentration was determined by illuminating reaction mixtures containing washed thylakoid membranes, rubisco, RuBP, and rubisco activase. In the presence of RuBP, the Kact(CO2) was found to be about 4 AM CO2, well below the physiological CO2 concentration of 10 gM. In the absence of RuBP, the Ka.c(CO2) was about 23 AM C02, similar to the values previously observed with rubisco in vitro (7, 9) . In the presence of RuBP in the dark there was very little activity at any CO2 concentration. The CO2 response of rubisco activation in the illuminated reconstituted system, which included RuBP, can thus account for rubisco activation in vivo.
This activation process is clearly distinguishable from the spontaneous in vitro activation process characterized previously (8, 9) which is severely inhibited by preincubation with RuBP (3, 6, 8) . The rubisco activation system also differs from the chloroplast ferredoxin-thioredoxin system, which catalyzes the activation of several photosynthetic enzymes by reduction with electrons derived from water (2), since rubisco activation proceeds in the presence of the artificial electron transport acceptors methylviologen (17) and pyocyanine.
Although the high RuBP optimum of 3 to 4 mm found for activation was surprising, based on the strongly inhibitory nature of RuBP on rubisco (6) , it resolves the question of how rubisco remains active at the high RuBP concentrations found in illuminated chloroplasts in the leaf, and provides the outlines of a mechanism for in vivo regulation of rubisco activation level. During steady state photosynthesis the RuBP concentration in 970 PORTIS ET AL.
